Dynamic light scattering (DLS) technique is a simple and yet powerful technique for characterizing particle properties and dynamics in complex liquids and gases, including dusty plasmas. Intensity fluctuation in DLS experiments often studied using correlation analysis with assumption that the fluctuation is statistically stationary. In this study, the temporal variation of the nonstationary intensity fluctuation is analyzed directly to show the existence of fractal characteristics by employing wavelet scalogram approach. Wavelet based scale decomposition approach is used to separate non-scaling background noise (without dust) from scaling intensity fluctuation from dusty plasma. The Hurst exponents for light intensity fluctuation in dusty plasma at different neutral gas pressures are determined. At low pressures, weaker damping of dust motions via collisions with neutral gases results in stronger persistent behavior in the fluctuation of DLS time series. The fractal scaling Hurst exponent is demonstrated to be useful for characterizing structural phases in complex disordered dusty plasma, especially when particle configuration or sizes are highly inhomogeneous which makes the standard pair-correlation function difficult to interpret. The results from fractal analysis are compared with alternative interpretation of disorder based on approximate entropy and particle transport using mean square displacement. 
I. INTRODUCTION
Dusty plasma is loosely defined as electron-ion plasma with additional charged components of micron-sized dust particles. The interplay between the dust particles' Coulomb potential energy and thermal energy results in the formation of spatially ordered and disordered particle configurations. Light scattering approach is widely used to study particle transport in dusty plasma due to the simplicity and nonintrusive nature of the technique. 1 For particle image velocimetry (PIV), the dust particles are illuminated using a broad laser beam and the particles are tracked using a high speed CCD video camera. From these images, one can study the structural as well as dynamical behavior of dusty plasma. Alternatively, the dynamic light scattering (DLS) experiment involves analysis of the temporal fluctuations of light intensity scattered by the dust. The light intensity fluctuates due to the net changes in the particles' positions, which results in time-varying interference patterns. 2 The statistics and correlation behaviors of the light intensity fluctuations provide useful information about the particle dynamics in dusty plasma. For example, Hurd and Ho 3 have used the correlation function of the intensity fluctuation to study the particle transport in glow discharge to demonstrate kinetic to hydrodynamic crossover behavior. Anderson and Radovanov 4 have observed low-frequency oscillatory motion in DLS signal and suggested the formation of glassy amorphous state at the edge of liquid to solid transition.
Recently, Muniandy et al. 5 introduced correlation function for the light intensity fluctuation based on fractional Ornstein-Uhlenbeck process. This study particularly addressed the dynamics of polydisperse particles in dusty plasma and showed that resulting light intensity fluctuation exhibits non-Markovian Gaussian statistics with longmemory correlation. The study of long-memory or powerlaw processes with fractal characteristics has been widely demonstrated in wide varieties of systems, ranging from physiological signals, 6, 7 semiconductor noises, 8 and financial time series. 9 Fractal analysis of light intensity fluctuation has been explored in many studies involving complex media. Shen et al. 10 have shown that light intensity fluctuation scattered from submicron-sized Brownian colloidal particles exhibits fractal characteristics and the corresponding fractal dimension can be related to mean particle size. Scale separation into fast and slow temporal fluctuations in the scattered light intensity has also been observed in some systems, whereby the power spectral density takes the Lorentzian form. 11 Fluctuation of scattered light intensity during gelation process of a suspension of anisotropic monodisperse colloidal discs in water has been studied using discrete wavelet transformation. From the scaling properties in wavelet energy spectrum, the sol-gel transition can be identified by the scaling exponent of intensity fluctuation. 12 Even though fractal analysis has been proven to be a powerful tool for understanding complex dynamics, its application for determining dusty plasmas properties, particularly those based on DLS fluctuation is still not fully explored.
Structural phase changes from disordered gas to partially ordered liquid and solid-like plasma crystals are large speed and travel greater distance. It is then slowed down to subdiffusive behavior with H MSD ¼ 0.33 (0.1 mbar) and H MSD ¼ 0.37 (0.3 mbar) after time, t c due to collisions with other dust particles. On the contrary, disorder liquid state at 0.5 mbar moves relatively slower at t < t c (H MSD ¼ 0.78) as compared to disorder gas states. This might be due to the greater kinetic damping at higher pressure where the dust particles are slowed down as they become strongly coupled due to the greater potential energy compared to thermal energy. At longer time, t > t c particles follow normal diffusion process (H MSD $ 0.5). At much longer time, t ) t c superdiffusion is observed (H MSD > 0.5) which could be due to the collective particle-particle interaction (Fig. 9) . 32, 33 
C. Connection between Hurst exponents from DLS fractal analysis and MSD analysis
It is noticed that as the dusty plasma state change from gaseous to disorder liquid, particle dynamic has become faster as indicated by the increasing value in H MSD . The change in H MSD is corresponded to decreasing H DLS values, which means that the DLS signal is more irregular in the disorder liquid state. This can be explained through the following. The instantaneous intensity of scattered light is proportional to the phase factor U(t) $ exp[jr i ðtÞÁq], wherẽ r i ðtÞ is the position of ith illuminated particle andq is the scattering wavevector. 3 Fluctuation in the intensity is due to temporal variation in the interference condition as a result of particle movements. Following that, the variance of phase fluctuation is proportional to the variance of particles' position, namely hjU(t)j 2 i $ exp[q 2 h r i (t) 2 i]. Thus, we expect that fast diffusion would result in larger variance in intensity/ phase fluctuation and hence more irregular DLS time series.
V. CONCLUSIONS
In this work, we have used DLS technique to study complex changes in the particle configurations in homogeneous dusty plasma. The Hurst exponent H DLS determined from DLS time series using wavelet analysis described the irregularity of scattered light intensity fluctuation, while the Hurst exponent H MSD calculated from mean-square displacement of an ensemble of dust particles described the individual particle dynamics. It is noted that the standard DLS approach often resorts to correlation analysis of the fluctuation (assuming the time series is stationary). However, using the wavelet based fractal analysis, together with approximate entropy, we have shown that useful information on the structural phases of dust particles can be obtained by treating the time series as non-stationary fractal process. We have shown that the types of particle transport influence the irregularity of fluctuation characteristic in DLS signal. The MSD analysis also showed interesting bi-scaling behavior that can be associated with transition from ballistic-like to sub-diffusive behavior for disordered dusty plasma gaseous state. Meanwhile in the disorder liquid state at higher pressure, the particles appear to undergo even more complicated scaling. This will be addressed further in future study. 
